Abstract-Novel band-stop active frequency selective surfaces (FSS) capable of modifying their response for different polarizations are proposed. Geometries based on full rings, and split rings are employed. The designs using full rings are able to tune over a wide frequency range while designs using split rings tune in a narrow frequency band. Both structures use a new biasing methodology which allows independent control of rows and columns of FSS arrays, therefore permitting independent modification of the transmission responses at the vertical and horizontal polarizations. Convoluting the shape of the elements significantly reduces the sensitivity to angle of wave incidence. The aim is to demonstrate a technology that could be used for various applications including modification of the electromagnetic architecture of buildings and the control of electromagnetic wave propagation to improve the efficiency of radio spectrum use. The surfaces incorporate commercially available, low cost, varactor diodes and surface mount resistors. Theoretical and experimental results confirm the operation of the surfaces within the UHF frequency band.
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I. INTRODUCTION
T HE increasing popularity of smartphones and other mobile and wireless devices is stretching data network services to levels never experienced before. Various techniques can improve network capacity including dividing up the spectrum and frequency reuse. In the indoor environment, frequency reuse can be realized by employing frequency selective surfaces, modifying the Electromagnetic Architecture of buildings.
Recent research projects have studied the application of frequency selective surfaces to the built environment [1] , [2] . Two major challenges for FSS designs for these applications are the long wavelengths at which some of the mobile indoor systems operate [3] , [4] and the high ratio between the frequency bands that may have to be covered [4] - [6] . For example, it might be required to cover the 400 MHz European emergency service band and the 2. buildings. Internal areas within the building can be dynamically screened using AFSS, enhancing the capacity for frequency reuse. They can switch between transparent and reflective states at the design frequency, or adjust the phase of the transmission response. Tunable surfaces have the advantage of being able to adapt to future network spectral changes. In addition, they can also compensate for FSS fabrication and installation errors.
Varactor tuned frequency selective surfaces have been reported [7] - [16] . Active band-stop patch [7] - [15] and band-pass slot [16] configurations have been demonstrated. Singly polarized tunable band-stop FSS have been mainly investigated using varactors and transmission lines etched in the same layer [7] , [8] . In [7] , a configuration based on split square loops achieved a 6% tuning ratio (normalized difference between the resonant frequencies at maximum and minimum bias voltage), a modest tuning range. This work was extended in [8] , where the tuning ratio was improved to about 20% by employing multidiode biasing configurations and adding resistors to compensate transmission distortions arising from the bias circuit. In those papers, the biasing lines extended along the surface, limiting the FSS to singly polarized geometries. Similar configurations were described in [9] - [11] , all employing cells with patch pairs and varactors connecting them. There, vias connect the biasing circuit to an external DC control. More recently, a 65% tuning ratio has been achieved [13] , though the FSS is singly polarized. A dual polarized tunable band-stop FSS using convoluted dipoles was demonstrated in [14] . The structure consisted of two metallic layers and the biasing circuit is assisted by resistors and metallic vias. There, the tuning ratio achieved was about 8%. This paper presents novel dual polarized, band-stop tunable FSSs. Two geometries based on rings are analyzed. The first, introduced in Section II, is based on circular loops and tunes over a wide frequency range. The second, described in Section III, uses split rings and tunes over a narrow frequency range. The two active FSS have in common a novel biasing technology, where diodes and resistors are implemented in two metallic layers sandwiching a very thin, flexible substrate. This creates a double sided structure with high level of reconfiguration, which is able to control vertical and horizontal polarizations independently. The behavior of the surfaces over a range of angular illumination and the use of convolution to improve their angular stability are included. The main application is to modify the electromagnetic wave propagation in buildings. Simulation and experiments demonstrate the reconfigurable capabilities of the surfaces. The frequency domain solver included in CST Microwave Studio™ was used for the simulations.
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II. TUNABLE CIRCULAR LOOP

A. Design and Analysis
The circular loop or ring is a well known FSS element geometry, constituents of arrays characterized by having good angular stability and dual polarization performance [17] . The structure typically resonates at a circumference of , the incident wavelength, making a relatively compact element. When excited by a linearly polarized plane wave, the current density of the rings has nulls in the sections perpendicular to the incident electric field [18] .
A novel active FSS using ring elements has been created by etching split ring patterns on the two metallic layers of a double layer structure sandwiching a 0.05 mm thick polyester substrate (Mylar). The split ring patterns are identical but rotated by 90 degrees from each other. Fig. 1 (a) and (b) illustrate the front and the rear of the FSS. Fig. 2(a) shows a photograph of a 3 3 element array. The FSS itself consisted of a 10 10 array on a rectangular lattice of periodicity mm. Diodes and resistors were added at the end of the split rings, connecting adjacent elements. The diodes chosen were the BB857 silicon varactors with a tunable capacitance range from 0.5 pF (28 V) to 6.6 pF (1 V), and the resistors were of 10 k . In DC, the circuit consisted of transmission lines with resistor pairs connecting varactor diodes in parallel configuration. As in [13] , [14] , the resistors produce a voltage drop, which in our case was of about 0.1% per cell. This value is not very significant for the actual array size but could limit the performance if applied to large arrays. Alternative options such as chip inductors [19] offer low resistance at DC and high impedance at RF but they are constrained by their narrow frequency operation.
When excited by an RF plane wave, each element behaves as a single layer ring structure owing to the very low impedance between the capacitively coupled ring surfaces on the two sides of the dielectric substrate. The capacitance between ring quadrants can be determined from the equation (1) where is the outer radius of the ring, the inner radius, and is the thickness of the dielectric substrate. The dimensions of the design presented here are: mm, mm, mm, . This gives a capacitance of nF and an impedance at 1 GHz of 0.02 ohms.
An equivalent circuit model of square loop elements was described in [20] . A similar model [see Fig. 1(c) ] can be applied to the circular loop design here when is vertically polarized and the capacitance of the diodes [ in the layer in Fig. 1(b) ] are varied, or when horizontally polarized and the diodes in the layer in Fig. 1(a) are modified. is the inductance due to the circular loop and is the capacitance between adjacent elements. The resonant frequency of this structure is given by the equation (2) Computational results of the effect of varying the capacitance of the varactor diodes on the resonant frequency and bandwidth are shown in Fig. 3 . Diodes were added as lump capacitors in these calculations. When they were not included, the FSS resonated for a ring circumference of about [17] with 1.5% and 3% shift in resonant frequency at TE45 and TM45 respectively. When the rings were loaded with the capacitance of the varactor diode at 28 V (0.5 pF), the FSS resonated at a ring circumference of about and unit cell size of , with a frequency drift of less than 3% at TE45 and 10% at TM45. When loaded with the capacitance of the diode at 1 V (6.6 pF), the FSS resonated at a ring circumference of about and unit cell size of , with the resonant frequency shifting of less than 2% at TE45 and 10% at TM45. The total change in resonant frequency corresponds to a tuning ratio -of over 80%, which confirms that the FSS is very sensitive to changes in , as expected from (2) .
It should be noted here that the capacitance resulting from changes in the reverse voltage applied to the varactor diodes [21] is characterized by a rapid decreased for voltages from 1 V (6.6 pF) to about 9 V ( pF) and a slow decrease from 9 V ( pF) to 28 V (0.5 pF). This compensates the curve of the active FSS for different capacitance values (Fig. 3) and creates a more linear change of the resonant frequency with bias voltage as described in the following section.
B. Measurements
Measurements were carried out using two log periodic antennas at 0. This arrangement was able to predict well the full plane wave behavior of active FSS in previous work [4] , [22] , [23] .
Figs. 4, 5, and 6 show the measured transmission responses at normal incidence, TE45 and TM45 when the voltage of the diodes was varied from 1 V to 28 V. For clarification, in the vertical polarization (Fig. 1 ) the E-field remains in the yz plane, so for example in TM the direction of wave incidence is also in yz. The approximate equivalent capacitance for the various voltage values as extracted from the datasheet were as follows: 28 V pF, 20 V pF, 15 V pF, 10 V pF, 5 V pF and 1 V pF. A wide band tuning ratio of over 65% was observed, with the shape of the band-stop filter degrading gradually as the voltage across the varactor decreased. Internal losses of the diodes and the lower quality factor of the LC circuit clearly affected performance for large values of varactor capacitance. The resistors of the biasing circuit and the dielectric material employed also add losses to the structure. In addition, there was a frequency shift relative to normal incidence illumination of about 5% at TE45 and 10% at TM45. Simulation and measurement results show that the incorporation of the varactors or any capacitive component in the annular loop array degrades the angular stability at TM incidence, owing to changes in the component of the E-field between the regions in the diodes that lead to their effective capacitance. A solution to the fairly poor angular stability of capacitive loaded loops is described in the following subsection.
C. Convoluted Active Circular Loop
Convoluting the elements of an FSS is a technique able to reduce the size of the unit cell and improve the angular stability of the frequency responses [4] , [24] - [26] . This technique has been applied to the tunable circular loop in Fig. 1(a) with the aim to reduce the frequency shift at different angles of illumination. The resulting structure after convolution is shown Fig. 7(a) . Stubs were added every 22.5 of the circular loop, making a total of 16 stubs. As with the original circular loop element [see Fig. 1(a) and (b) ], the top split ring overlaps the lower level split ring to create a full ring at RF. The main dimension of the novel convoluted structure were: mm, mm and width of the conductor mm. The periodicity of the unit cell was kept at mm. The unloaded convoluted ring resonated for a unit cell size of with a frequency shift of 0.3% at TE45 and 0.5% at TM45. When the ring was loaded with capacitive values of 0.5 pF and 6.6 pF, the FSS resonated for unit cell dimensions of and respectively (see Figs. 8 and 9 ). The shift in resonant frequency at TE45 and TM45 was below 1% for the convoluted ring loaded with lump elements of capacitance between 0.5 pf to 6.6 pF. A tuning ratio of over 100% was achieved in the simulation, which is almost 20% higher than that of the unconvoluted design. The dB bandwidth of the convoluted structure was 25% lower than that for the unconvoluted one.
A further parametric analysis was carried out on the effect of convoluting on angle of incidence performance. Circular loops end loaded with 0.5 pf capacitors were used for the comparison. Fig. 10 shows the effect of adding stubs to the resonant frequency at normal incidence, TM45 and TM60. The shift in resonant frequency at TM60 decreased from 17% for no stubs to less than 0.5% for stubs, with the highest improvement observed between 0 and 4 stubs. In the TE case in these calculations, the frequency drift at TE45 and TE60 was less than 1%. Note that the y-axis has been normalized to the resonant frequency at normal incidence for stubs.
III. DUAL POLARIZED TUNABLE SPLIT RING
A. Design and Analysis
The effect on the transmission responses of breaking the conductor of loop elements was studied in [18] , [27] . The resulting resonant frequency depends on where the loop is cut with respect to its sinusoidal current distribution. For the FSS design here, a circular loop has been split into four equal segments as illustrated in Fig. 1(d) and (e). The resulting element is dual polarized and resonates at a frequency which is about twice that of the full ring. Independent tuning for vertical and horizontal polarization can be achieved by using two identical layers sandwiching a very thin substrate, with varactor diodes and resistors pairs in the lower metallization layer [see Fig. 1(e) ] rotated 90 degrees with respect to the upper layer [see Fig. 1(d) ]. This configuration creates a DC circuit consisting of varactors connected in parallel through transmission lines with resistor pairs. The circuit in the layer in Fig. 1(e) controls operation at vertical polarization (E-field in yz) while the circuit in Fig. 1(d 
) controls horizontal polarization operation (E-field in xz).
A simplified equivalent circuit model of the active FSS at RF is shown in Fig. 1(f) , also described for a single polarized active configuration in [28] . In contrast to the design in Section II, the varactor is in series with in the equivalent circuit, reducing the effect of the capacitance of the diode in the resonant frequency. The resonant frequency is given by (3) where is the inductance due to vertical segments of the split ring, is the capacitance between the two vertical elements and the capacitance with elements of adjacent unit cells. Note that the internal resistance of the capacitor has not been included in the model owing to its low impedance value in relation to the impedance of and [28] . In order to verify the behavior of the FSS, the tunable design was simulated using the frequency domain solver included in CST Microwave studio™. The main dimensions were: radius of the inner circle mm, width of the patch mm, width of split mm, periodicity mm, substrate thickness mm, substrate permittivity . Fig. 11 shows the effect of varying the diode capacitance between 0.5 pF and 6.6 pF on the resonant frequency. The unloaded split ring resonated for a unit cell size of , with a frequency drift of about 7.5% at TE45 and TM45. When loaded with 0.5 pF, the FSS resonated for a unit cell size with a frequency drift of 2.4% at TE45 and 6.4% at TM45. When loaded with the maximum capacitance of the varactor diodes (6.6 pF) the FSS resonated for unit cell size of with a frequency drift of 2.4% and 5.4% at TE45 and TM45 respectively. The tuning ratio achieved was about 16%, confirming that the effect of is significantly reduced by the series capacitance , as expected from (3).
B. Measurements
A 5 5 array of active split rings was etched on each side of a double sided polyester substrate. Diodes and resistors were inserted and soldered to the surface as shown in Fig. 2(b) . The final structure was then measured in a plane wave chamber.
Figs. 12, 13 and 14 show the measured transmission responses at normal incidence, TE45 and TM45 respectively. Tuning over a frequency range of about 15% was observed. When 28 V ( pF) were applied to the varactor diodes, the FSS resonated at about 2.6 GHz with a frequency drift of about 2.5% at TE45 and 8% at TM45. When 1 V ( pF) was applied resonance occurred at 2.25 GHz with a frequency drift of less than 1% at TE45 and 6% at TM 45. The main differences between the simulation and measurements relate to the physical characteristic of the diodes and resistors and the losses of the components and dielectric material. As the drift in angle of incidence was significant, it was decided to apply convoluting techniques to the active split ring array structure. This is described in the following subsection.
C. Convoluted Active Split Rings
Similarly to the structure described in Section II-C, convolution was applied to the split rings by adding stubs perpendicular to the loop. Every quadrant of the split ring was convoluted as shown in Fig. 7(b) . Four stubs were added per segment, which were placed at 22.5 from each other. The main dimensions of the convoluted element were: outer radius mm, inner radius mm, strip line thickness mm and periodicity mm. The unloaded convoluted split ring structure resonated at a unit cell size of with frequency shift of 2.7% at TE45 and 3.6% at TM45.
The effect of varying the capacitance of the varactor diodes on frequency and bandwidth was simulated and the results are shown in Fig. 16 . When the split ring was loaded with a capacitance of 0.5 pF, the FSS resonated for a unit cell size of about with 2% frequency drift at TM45 and less than 0.5% at TE45. When a load of 6.6 pF was applied to the structure, the FSS resonated for a unit cell size of , with a frequency shift of 1.8% at TM45 and 0.5% at TE45. The total tuning ratio achieved with this structure was 16%, which is about the same ratio as that of the unconvoluted structure. A study of the effect of adding stubs to the element on resonant frequency and stability to angle of illumination was carried out and the results are illustrated in Fig. 17 . One to four stubs in step of 1 stub were added to the split ring structure loaded with lump elements of 0.5 pF. As expected, adding stubs significantly improved the angular stability at TM45 and TM60 but 4 stubs were still insufficient to reduce the drift at TM60 below 1%. The performance at TE60 was significantly better with frequency drift decreasing from about 5% for no stubs to less than 0.5% for 4 stubs.
D. Convoluted Active Split Rings-Measurements
A 5 5 array of the convoluted split rings was etched on each metal clad layer of a double sided polyester substrate. Fig. 15 shows 3 3 elements of the top layer of the structure. Figs. 18, 19 and 20 show the measured transmission responses at normal incidence, TE45 and TM45. It can be observed that the structure is significantly more stable to angle of incidence than the unconvoluted split ring structure reported in Section III-B. When 28 V ( pF) were applied to the varactor diodes, the FSS resonated at about 2.35 GHz with frequency drifts below 1% at TE45 and TM45. When 1 V ( pF) was applied, resonance occurred at about 2 GHz with a frequency drift a less than 2% at TE45 and TM 45. The resonant frequencies were between 1% and 3% lower than those obtained in the simulation (Fig. 16) . 
E. Independent Polarization Control
Virtually independent tuning in the vertical and horizontal polarizations was observed with all the FSS arrays described in this paper. As a demonstration, a set of four measurements at TM45 with different voltages for vertical and horizontal polarizations is shown in Fig. 21 . The measurements relate as follows: 28 V 28 V is the case where 28 V was applied to all diodes simultaneously, 28 V 01 V relates to 28 V applied to the (y-directed) diodes in Fig. 1(e) and 1 V to those in Fig. 1(d) , and so on. With a constant voltage applied to the y-directed diodes, only a very small change in the resonant frequencies and shape of the transmission curves was observed for changes in voltages in the x-directed ones.
IV. CONCLUSION AND DISCUSSION
Novel dual polarized tunable frequency selective surfaces based on band stop elements have been presented. The structures employ two metallic layers sandwiching a very thin substrate to achieve independent tuning for vertical and horizontal polarizations. This could have advantages in systems where peak transmission levels differ in the vertical and horizontal polarizations, thus improving the filtering characteristics of the FSS. The configurations presented here are based on full rings and split rings. Full rings were able to tune over a wide frequency range while split rings for a small range of frequencies. The incorporation of active capacitive elements such as varactor diodes degrades the angular stability of the FSS structures. Convoluting the active structures has been demonstrated to be a good solution to the drift at different angles of illumination. As with typical FSS elements, convolution decreased the resonant frequency and dB bandwidth. A tuning range of over 65% can be achieved using circular loops and over 15% using split rings. CST Microwave Studio™ simulations where diodes were added as lump elements predicted well the tuning characteristics, but inclusion of the full physical dimensions of the components may be necessary to obtain a more accurate prediction of losses in the structure (Section II-B). Higher quality diodes could also be employed to improve performance. The roll-off rate and therefore the filtering characteristics of the active FSS could be further improved by cascading layers of active FSS. These active frequency surfaces are intended for controlling the electromagnetic architecture of buildings where relatively small interference attenuation can result in significant improvement in system outage probability [29] .
